A glass material and a spherical glass encapsulation process for LEDs were developed. An LED encapsulated by the spherical glass exhibits high directional characteristic and emits collimated lights. This glass encapsulated LEDs are potent for light sources for displays such as portable projection systems and LCD back lights.
Introduction
Light emitting Diodes (LEDs) have advantages such as local highlighting, quick response, long lifetime and they are environmental friendly. On the other hand, the lights are emitted from semiconductors whose refractive indices are high and then, the out-coupling efficiency becomes a critical issue. Generally, refractive indices of semiconductor layers of LEDs are relatively larger than that of LED encapsulants, such as epoxy and silicone resins. In this case, lights generated from the emitting layers are confined within semiconductor layers. As a result, the outcoupling efficiency of these LED packages is insufficient and there are various reports about improving this light confinement.
1)-6) The distribution of the emitted light is another issue. Generally, the luminous intensity distribution of LEDs is Lambertian. So optical components such as mirrors and lenses are required to change the lights directions or collimate the emitted light. For example, in the case of projector, the optical system consists of a light source, a parabolic mirror and integrator lens arrays. In these cases, the optical system becomes large size, even if the sizes of LEDs are small. Furthermore light use efficiency becomes lower throughout these optical components. As mentioned above, small and simple optical components are desired which realize high out-coupling efficiency, appropriate directional characteristic and collimated lights. Glasses are very popular for optical components because of their transparency and higher refractive indices. So they are one of the candidates to realize ideal optical components which are mentioned above. Glass encapsulation for LEDs was examined, and we have developed spherical glass encapsulated LEDs which exhibit directional characteristic and light collimation as well as adequate out-coupling efficiency. 
Experiments
We have developed a unique spherical glass encapsulation process as well as glass materials for LEDs. An optical microscope image and the configuration of the encapsulated LED are shown in Fig. 1 and Fig. 2 , respectively.
Glass composition
An original glass composition was designed for LED encapsulation. Glass system is a Tellurium oxide and we did not use Pb and alkali metals taking environment issues into consideration. Properties of the developed glass are as follows; Coefficient of thermal expansion is 86 × 10 -7 K -1 , internal transparency at 460 nm is 98% for 1cm thickness glass, refractive index is 2.01 at 404.7 nm and glass transition temperature is 450°C.
Spherical glass encapsulation process
The developed glass encapsulation processes were performed as follows.
1st step: An LED chip was flip chip mounted on the circuit † Corresponding author: N. Nakamura; E-mail: nobuhiro-nakamura @agc.co.jp Paper substrate made of alumina on which gold electrodes were patterned. We used commercially available LED chips produced by Toyada Gosei. The chip surface is a square whose side length is 0.32 mm and peak emission wavelength is 460 nm.
2nd step: A block of the glass was set on the LED chip and heated up to 600°C and held at that temperature for a few minutes. During this period, the glass was softened and changed its shape to the spherical one by its viscosity and surface tension. At the same time, the spherical glass sank to cover LED side wall and the axis of the spherical glass was self-aligned to the chip center.
3rd step: After that, the encapsulated LED was cooled down to room temperature. It took 5 min.
The LEDs were encapsulated by the spherical glasses whose diameters were from 0.35 mm to 1.0 mm. Microscope images of several samples are shown in Fig. 3 . The displacement between the axis of the spherical glass and LED chip center is shown in Fig. 4 . The displacement are within 10 μm except for the glasses whose diameters are less than 0.5 mm. In these cases, the glass volumes are not enough to cover the LED side walls and the glasses can not be well aligned to the LED chips.
Device performance
We prepared three encapsulated LEDs. One was silicone resin coated LED. Thickness of the resin was 300 μm. The others were spherical glass encapsulated LEDs. The diameters of the glasses were 0.5 mm and 1.0 mm, respectively. Figure 5 shows the directive characteristics of luminance by polar cordinate. The directive characteristics of the silicone coated LED is Lambertian. As the diameter of the spherical glass increases, the directivity becomes higher. It is remarkable that there are directions around the normal direction, where the lminance is almost constant. Total light fluxes of these samples are shown in Fig. 6 . The out-coupling efficiency of the spherical glass encapsulated LEDs are the same level as that of silicone encapsulated LED. The out-coupling efficiency will be improved by optimiation of the glass refractive index and coating antireflection film on the glass.
Discussion
Microscope image of the lights emitted from the bare LED and the projected image on a paper of the lights which were emitted from the spherical glass encapsulated LED in Fig. 7 and Fig. 8 , respectively. The glass diameter was 1.0 mm and the distance between the LED and the paper was 23 mm. As shown in theses Figs, The projected image is the same as that of the emitted lights from the bare chip.
This phenomenon is due to the high refractive index of the glass winch is 2.0 and the position of the LED emission layer where approximately corresponds to the focus point of the spherical glass lens. The lights emitted from a point in the LED emission layer go parallel through the spherical lens as shown in Fig. 9 . On the contrary, the lights which are totally reflected repeatedly at the glass surface return to the LED electrodes, reflected or scattered at the electrodes and change the direction. An example of the sequence is shown in Fig. 10 . Thus even in the case of the lights emitted in the horizontal direction from the emission layer of the LED, they can go upward to the air without any optical components such as reflectors and a mirrors. A part of light flux goes out of the spherical glass after many mirror reflections, which causes the loss in the practical optical system. simulations were performed to estimate improvement of the outcoupling efficiency by introducing scatter reflections at the LED electrodes. We used ZEMAX for the simulation and the calcu- lated model is shown in Fig. 11 .
An LED which emit 0.32 mm square lights is located in the spherical glass whose diameter is 1 mm. The emitted lights are partially reflected and scattered by the electrode. The detector is set 50 mm from the center of the spherical glass. The total light fluxes at the detector are shown in Fig. 12 . As scatter reflection ratio increases, the out-coupling efficiency improves. Figure 13 show the illumination distributions of each case. The illumination distribution also changes according to scatter reflection ratio and uniform illumination can be obtained by the electrode which scatters and mirror reflect 60% and 40% of the incident lights respectively.
Conclusions
We developed the spherical glass encapsulated LEDs. The glass size is small (maximum 1 mmϕ ) and strong directional characteristics are obtained according to the glass diameter. The emitted lights are collimated partially and uniform, and the shape of light flux is controllable. For example rectangular light flux can be obtained by using rectangular LED electrode pattern. We can design compact projector light source by using the spherical glass encapsulated LEDs.
